[1] A major limitation in accuracy in modern satellite laser ranging is the modeling of atmospheric refraction. Recent improvements in this area include the development of mapping functions to project the atmospheric delay experienced in the zenith direction to a given elevation angle. In this paper, we derive zenith delay models from revised equations for the computation of the refractive index of the atmosphere, valid for a wide spectrum of optical wavelengths. The zenith total delay predicted with these models were tested against ray tracing through radiosonde data from a full year of data, for 180 stations distributed worldwide, and showed sub-millimeter accuracy for wavelengths ranging from 0.355 mm to 1.064 mm.
Introduction
[2] The accuracy of satellite laser ranging (SLR) is greatly affected by the residual errors in modeling the effect of signal propagation through the troposphere and stratosphere. Although several models for atmospheric correction have been developed, the more traditional approach in SLR data analysis uses a model developed in the 1970s [Marini and Murray, 1973] (the correction of the atmospheric delay using two-color ranging systems is still at an experimental stage). A recent study [Mendes et al., 2002] points out some limitations in that model, namely as regards the modeling of the elevation dependency of the zenith atmospheric delay (the mapping function (MF) component of the model). The MFs developed by Mendes et al. [2002] represent a significant improvement over the MF built-in in the MariniMurray model and other known MFs. Of particular interest is the ability of the new MFs to be used in combination with any zenith delay (ZD) model, used to predict the atmospheric delay in the zenith direction. The next logical step is the development of more accurate ZD models applicable to the range of wavelengths used in modern SLR instrumentation.
Group Refractivity
[3] The atmospheric propagation delay experienced by a laser signal in the zenith direction is defined as 
or, if we split the ZD into a hydrostatic (d h z ) and a non-
where N = (n À 1) Â 10 6 is the (total) group refractivity of moist air, n is the (total) refractive index of moist air, N h and N nh are the hydrostatic and the non-hydrostatic components of the refractivity, r s is the geocentric radius of the laser station, r a is the geocentric radius of the top of the (neutral) atmosphere, and dz has length units.
[4] Following the recommendations of the International Association of Geodesy (IAG) [International Union of Geodesy and Geophysics (IUGG), 1999] the group refractivity for visible and near-infrared waves should be computed using the procedures described by Ciddor [1996] and Ciddor and Hill [1999] . The formula for the computation of the refractivity is [Ciddor, 1996] :
where r a is the density of dry air component for actual conditions (kg m
À3
), r w is the density of water vapor (WV) component for actual conditions (kg m À3 ), r axs is the density of (standard) dry air at 15°C, 101325 Pa, and x w = 0 (where x w = e/P is the molar fraction of WV in moist air (unitless), e is the WV pressure of moist air (Pa), and P is the total pressure (Pa)), and r ws is the density of (standard) pure WV at 20°C, 1333 Pa, and x w = 1.
[5] The group refractive index for the dry air component (unitless) , N gaxs , is given by [Ciddor, 1996] : (x c À 450), and x c is the carbon dioxide (CO 2 ) content, in ppm (in this paper we will always assume a CO 2 content of 375 ppm, in line with the IAG recommendations).
[6] The group refractive index for the WV component (unitless) , N gws , is [Ciddor, 1996] :
where cf is a correction factor (cf = 1.022), w 0 = 295.235, w 1 = 2.6422 mm 2 , w 2 = À0.032380 mm 4 , and w 3 = 0.004028 mm 6 .
[7] Furthermore, we have:
where M d is the molar mass of dry air containing x c ppm of
, T is the temperature, in Kelvin (T = t + 273.15, where t is the temperature, in°C), and Z is the compressibility factor of moist air,
, and e 0 = À0.765 Â 10 À8 K 2 Pa À2 .
[8] The density of standard dry air, r axs , is computed using equation (6) with P d = 101325 Pa, T d = 288.15 K, and x w = 0:
and the compressibility factor of dry air, Z d , is computed using equation (7) for same standard conditions, that is,
[9] Similarly, we have for the density of the WV component of moist air:
where M w is the molar mass of WV (M w = 0.018015 kg mol À1 ).
[10] Finally we compute the density of pure WV at standard conditions, r ws , using equation (10) with P w = 1333 Pa, T w = 293.15 K, and x w = 1:
and the corresponding compressibility factor, Z w , computed for the same conditions,
where t w = 20°C.
Zenith Hydrostatic Delay
[11] To derive an expression for the zenith hydrostatic delay, we start by computing
[12] As the density of moist air r is [Ciddor, 1996] r
then,
where 
[14] For the computation of the hydrostatic component of group refractivity we will use only the first term of the right hand-side of equation (16), as the second term depends on the WV pressure. Therefore,
[15] In modern SLR systems, the most commonly used wavelength is l = 0.532 mm. The group refractivity for the dry air component for this particular wavelength, here denominated as N 532 gaxs , is computed using equation (4) and we have N gaxs 532 = 10 6 Â (n gaxs 532 À 1) % 289.736.
[16] As a result, we can simplify equation (17):
or,
where
, and the modified group refractivity for dry air, f h (l), is our dispersion equation for the hydrostatic component,
with k 1 * = 19990.975 mm
À2
, and k 3 * = 579.55174 mm
.
1 Auxiliary material is available at ftp://ftp.agu.org/apend/gl/ 2004GL020308.
[17] The zenith hydrostatic delay is thus:
[18] Using the hydrostatic equation, we get
where P s is the surface barometric pressure (Pa), and g m is the acceleration due to gravity at the center of mass of the vertical column of air (m s À2 ) [Saastamoinen, 1973] ,
j is the latitude of the station, and H is the height of the station, in km. Replacing equation (22) into equation (21) leads to
Replacing the known constants, we get the final expression for the zenith hydrostatic delay, in meter units,
Zenith Non-Hydrostatic Delay
[19] The first non-hydrostatic component of the group refractivity, N nh1 , arises from the second term of the right hand-side of equation (16):
or, following the previous development,
The second non-hydrostatic component is given as:
and r w r ws
[20] For l = 0.532 mm we get N gws 532 % 3.2956, hence
where the dispersion formula for the non-hydrostatic component is
that is,
with K 2 L = 0.7247600 K Pa À1 .
[21] The non-hydrostatic component of group refractivity is therefore computed from the contribution arising from equation (28) and equation (33):
[22] As the ratio between compressibility factors can be safely ignored, the zenith non-hydrostatic delay is thus:
[23] For the computation of the integral in equation (35), we can use the following approximation [Saastamoinen, 1973] :
where n is a numerical coefficient to be determined from local observations (average value n = 4) and e s is the surface water vapor pressure (the coefficient n is highly variable in space and time and should be chosen to fit the location and season, for maximum accuracy in the determination of the non-hydrostatic component). As a result, we have
or, after replacing for the known constants, we get the expression for the zenith non-hydrostatic delay:
Experimental Validation
[24] In order to assess the performance of the derived ZD models, we performed a comparison against ray tracing of radiosonde data, for 180 stations [see Mendes et al., 2002] with typically two balloon launches per day, a full year of data (1998), and for the most used wavelengths in SLR: 0.355, 0.423, 0.532, 0.6943, 0.847, and 1.064 mm. The ray tracing was performed using the full formulation of the group refractivity given by Ciddor [1996] . We have also included in this assessment the ZD models developed by Saastamoinen [1973] and Marini and Murray [1973] . The surface meteorological parameters needed to drive the different models are obtained directly from the radiosonde data. Due to the different strategies in splitting the ZD into its hydrostatic and non-hydrostatic components, the analysis is performed only for the total delay. For discussion purposes, the model developed in this paper (sum of the contribution of the hydrostatic and non-hydrostatic component) will be labeled FCULzd.
[25] The results of this assessment are summarized in Table 1 . The statistics represent the mean, standard deviation (std), and root-mean-square (rms) for the total number of differences between the predictions given by the models and the ray tracing benchmark values (model minus tracing). From this table, it can be concluded that the differences in performance of the models are essentially in the bias component, as the standard deviation of the differences is very similar to all models (and below the 1-mm level). For wavelengths greater than 0.532 mm the mean biases for the Saastamoinen (SAAS) and Marini-Murray (MM) models are at the 1-mm level, indicating an overprediction of the ZD. The MM model has a very small negative bias at the 0.423 mm wavelength, but this bias increases significantly for lower wavelengths, showing therefore a variable behavior. In the case of the SAAS model, there is an underprediction of more than 7 mm at the 0.355 mm wavelength. The FCULzd model is essentially non-biased and present identical or better standard deviations at all wavelengths, despite the small trend of increase towards the lower wavelengths. The overall rms values for the total zenith delay are below 1 mm across the whole wavelength spectrum analyzed.
[26] When compared against the MM model, the advantage of the FCULzd model in reducing the bias is clearly seen in the box-and-whisker plots shown in Figure 1 (for the sake of clarity, the values at 0.355 mm were excluded, due to the large biases for the MM model). We can conclude from these plots that the percentage of stations where the rms for FCULzd exceeds 1 mm rms is below 10 percent, for wavelengths larger than 0.532 mm. The maximum rms value observed is of 2.0 mm (station Seychelles), for the 0.355 mm wavelength. These higher values are generally associated with stations with large water vapor content, such as those located in the equatorial regions and Southwest Pacific and may therefore be associated with the non-hydrostatic component of the ZD. One of the reasons may be the use of a fixed value for n. This fact is also likely responsible for the slight but consistently negative mean bias for FCULzd. As regards the MM model, a bias of more than 1 mm is clear at all wavelengths greater than 0.423 mm (this bias was already noted by Mendes et al. [2002] ; note that, due to a typo, the units in Table 3 of Mendes et al. [2002] are wrongly labeled with cm instead of mm). That bias is below 1-mm at 0.423 mm, but even at this wavelength the number of stations with rms values greater than 1 mm is near 25 percent. Furthermore the anomalous behavior of the MM model across the whole wavelength spectrum used in SLR constitutes a serious handicap in combining solutions obtained with different systems.
[27] In summary, we have developed a new zenith delay model that is based on up-to-date formulae to compute the refractivity at visible and near-infrared wavelengths, that can be combined with state-of-the-art mapping functions to model more accurately the atmospheric refraction for the full wavelength spectrum used in SLR. Figure 1 . Box-and-whisker plots for the FCULzd and Marini-Murray zenith delay models using the rms values obtained at each individual radiosonde station. The statistical quantities represented are the median and the mean (thinner and thicker lines inside the boxes, respectively), the 25th and 75th percentiles (vertical box limits), the 10th and 90th percentiles (whiskers), and the 5th and 95th percentiles (open circles).
